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Soils in terrestrial ecosystems contain 1550 Pg of 
carbon (Eswaran et al., 1993; Hibbard et al., 2005). Com-

pared with gross primary production, soils provide the second 
largest exchange of carbon between terrestrial ecosystems and 
the atmosphere at 68 to 80 Pg (C) yr–1 (Raich and Schlesinger, 
1992; Raich and Potter, 1995; Raich et al., 2002; Schlesinger 
and Andrews, 2000). Because soils are an important source or 
sink of carbon, they are a primary determinant of net ecosys-
tem carbon balance, and they provide seasonal and interannual 
feedback control on atmospheric CO2 concentration (Taylor 
and Lloyd, 1992; Raich et al., 2002). An increase in carbon 
influx from atmosphere to soil (e.g., sequestration) could 
mitigate the effect of atmospheric CO2 concentration and 
reduce global warming (negative feedback), whereas an increase 
in carbon efflux from soil to atmosphere (e.g., autotrophic and 
heterotrophic soil respiration) could intensify global warming 
(positive feedback) (Rustad et al., 2001; Melillo et al., 2002). 

Any change in Fs because of either thermal acclimation of the 
soil, substrate depletion of soil organic matter, or soil dehydra-
tion in response to warmer global temperatures could affect the 
direction and magnitude of any feedback between the terres-
trial carbon cycle and global climate change in semiarid desert 
regions of the Earth.

Soil CO2 efflux represents the net of total belowground 
carbon metabolism (Raich and Nadelhoffer, 1989; Schlesinger 
and Andrews, 2000). Biotic factors account for approximately 
one-half of Fs (Hanson et al., 2000; Bond-Lamberty et al., 
2004; Subke et al., 2006; Schindlbacher et al., 2009). They 
include autotrophic respiration from rhizosphere microbes 
and plant roots and heterotrophic respiration from microbial 
decomposition of litter and soil organic matter (Hanson et 
al., 2000; Wan and Luo, 2003; Kuzyakov, 2006; Subke et 
al., 2006), and the dynamics of these microbial communities 
(Rustad et al., 2000, 2001; Melillo et al., 2002; Singh et 
al., 2009). Abiotic factors affecting Fs include atmospheric 
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CO2 concentration, nutrient availability (Raich and 
Tufekcioglu, 2000) - particularly N (Hungate et al., 2009), 
soil physical properties (Moyano et al., 2012), substrate from 
rhizodeposition (Hütsch et al., 2002), temperature (Lloyd and 
Taylor, 1994; Boone et al., 1998; Rustad et al., 2001; Fang and 
Moncrieff, 2001; Hartley et al., 2007a), and water (Davidson 
et al., 2000; Fierer and Schimel, 2002, 2003; Liu et al., 2002; 
Conant et al., 2004; Harper et al., 2005; Shen et al., 2008). 
Any abrupt perturbations in any of these biotic and abiotic 
factors are known to strongly impact Fs (Shen et al., 2009).

Global mean surface air temperature (Ta) is warming (IPCC, 
2007), which could alter the microclimate at the soil–air 
interface and strongly impact Fs. A possible consequence 
of increased Ta will be a change in carbon cycles including 
sequestration (influx of carbon) and soil respiration (efflux 
of carbon) processes in agricultural soils. Soil CO2 efflux is 
highly sensitive to changes in Ts and has been characterized as 
exponential with a Q10 temperature response – the factor by 
which Fs differs for a temperature interval of 10°C (Fang and 
Moncrieff, 2001). The lowest Q10 has been observed in warm 
dry semiarid desert regions, which contain low soil organic 
matter, whereas the highest Q10 occurs in cool wet tundra 
ecosystems, which contain high soil organic matter (Zhou 
et al., 2009). Undoubtedly, the effect of changing climate 
on temperature and precipitation will exert controls on Fs 
(Davidson et al., 1998). As such, relatively small changes in Ta 
may possibly have a profound influence in the direction and 
magnitude of the response in Fs. Consequently, any global-
warming-induced increase in Fs from agricultural soils may 
possibly have a lesser or greater positive (efflux of carbon) feed-
forward effect on the atmospheric CO2 concentration and 
global warming (Kirschbaum, 1995, 2000).

A non-invasive, cost-effective method to conduct ecosystem 
warming experiments in situ has been developed using IR 
heaters (Kimball et al., 2008). Infrared warming experiments 
have been conducted on natural and rangeland ecosystems 
(Harte and Shaw, 1995; Harte et al., 1995; Parton et al., 2007; 
Kimball et al., 2008; Niu et al., 2008; Wan et al., 2009; Xia 
et al., 2009; Luo et al., 2010; Morgan et al., 2011), as well as 
agricultural crop production systems (Kimball et al., 2008; 
Wall et al., 2011). Infrared warming has induced earlier spring 
snow-melt and impacted the thermal regimes of the air and 
soil, and soil moisture (Harte and Shaw, 1995; Harte et al., 
1995; Nijs et al., 1996; Wan et al., 2002). In addition, IR 
warming and consequent soil drying have been shown to alter 
the soil mesofauna (Harte and Shaw, 1995; Harte et al., 1995; 
McLain et al., 2009), increase soil N mineralization rates 
(Shaw and Harte, 2001), alter soil respiration rates (Luo et al., 
2001), alter methanotroph activity and methane fluxes in the 
soil (Torn and Harte, 1996), and decrease whole-ecosystem 
CO2 flux (Saleska et al., 1999).

Our objectives were to investigate the feasibility of the IR 
warming approach with a T-FACE apparatus as an effective 
methodology to investigate the impact of global warming on 
Fs in an agricultural soil, and to characterize and quantify 
any IR warming effect on Ts, qs, and intrarow Fs in a hard 
red spring wheat (T. aestivum L.) crop grown in an agricul-
tural field. Because IR warming can alter the microclimate of 

experimental plots (Harte and Shaw, 1995; Nijs et al., 1996; 
Wan et al., 2002; Wall et al., 2011), to test the hypothesis that 
an in situ IR warming apparatus used in conjunction with 
supplemental irrigation will still alter the microclimate within 
the intrarow space of a wheat crop (Hypothesis 1), comparisons 
of Ts and qs were made between IR-warmed (Heated) and non-
warmed (Reference) plots. An increase in Fs with an increase 
in temperature is generally true for a short period of warming, 
but it will usually decrease after soil water feedback occurs. 
Consequently, to test the hypothesis that Fs will increase as Ts 
increases at high qs, but that any IR-warming-based thermal 
response on Fs will diminish at low qs as the soil dries, com-
parisons of Fs were made between Heated and Reference plots 
at high qs after an irrigation or precipitation event and at low qs 
as the soil dried (Hypothesis 2).

MATERIALS AND METHODS
Study Region and Experimental Design

A detailed description of the study region, crop culture, IR 
warming apparatus (Kimball, 2005; Kimball et al., 2008), 
surface drip irrigation system (including supplemental 
irrigation), and experimental design has been provided 
elsewhere (Wall et al., 2011). Briefly, the experiment site was 
located in a semiarid desert region of the Southwest at the 
University of Arizona’s Maricopa Agricultural Center (MAC), 
Maricopa, AZ (33.07° N, 111.97° W; 361 m above sea level). 
The soil was a Trix clay loam (fine-loamy, mixed [calcareous] 
hyperthermic Typic Torrifluvent) with low soil organic matter 
content (~1.2%) in the upper 0.15 m of the soil profile. Use of 
a homogeneous cultivated agricultural soil minimized spatial 
variability in Fs within the field site. Soil fertility was managed 
to avoid nutrient limitations. Except for the use of drip rather 
than flood irrigation, all other agronomic activities were in 
accordance with local recommended practices.

As a component of a larger Hot Serial Cereal (HSC) 
experiment (Wall et al., 2011) plantings occurred on 10 Mar. 
2008 (day of experiment [DOE] 364) and 1 Dec. 2008 (DOE 
630), which corresponded to the 9th and 14th of a total of 
15 plantings in the HSC experiment (Fig. 1g, 1h; also see 
Supplemental Table 1, Wall et al., 2011). Certified wheat (cv. 
Yecora Rojo) seeds were sown in three replicates (i.e., n = 3) of 
three treatments (i.e., Control, Reference with dummy heaters, 
Heated) in a 3 by 3 Latin square experimental design on flat 
ground in north–south rows, 0.19 m-apart, with a grain drill. 
The wheat was planted in blocks 11 m on a side separated by 
1.2 m alleyways for a total of approximately 57 rows per plot. The 
sample area was circular (3-m diam.) and centered within each 
plot (Ottman et al., 2012). Seeding rates were 134 kg seed ha–1 
(288 seeds m–2). Soil CO2 efflux sampling dates for Heated and 
Reference plots are designated in Fig. 1g and 1h.

Soil Temperature and Volumetric 
Soil-Water Content Measurements 

and Meteorological Conditions

Soil temperature at the 0.1-m depth was measured using 
a thermocouple probe (LI-8100-201; LI-COR Biosciences, 
Lincoln, NE) connected to a portable automated CO2 soil 
flux system (LI-8100A) on 17 Dec. 2008 through 2 Mar. 
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Fig. 1. (a, b, c, d) Average meteorological conditions over a 20-yr period (1987–2007) before and during (2007–2009) the Hot 
Serial Cereal (HSC) experiment at Maricopa, AZ (33.07° N, 111.97° W; 361 m above sea level) – a semiarid desert region of the 
Southwest. (a, b) Mean daily solar radiation (SR), maximum (Ts,max) and minimum (Ts,min) soil temperatures (Ts), daily average 
wind speed of the air (ua,avg) at 2-m height, and sampling dates for microclimate measurements of Ts, volumetric soil-water 
content (qs), and soil CO2 efflux (Fs) for midday survey (filled square) and unattended diel (24 h) (filled triangle) periods. (c, d) 
Mean daily maximum (Ta,max) and minimum (Ta,min) air temperatures (Ta), and daily vapor pressure deficit (ea,VPD). (e, f) Rainfall 
events and amounts, cumulative irrigation plus rainfall amounts for Heated and Reference plots (e.g., note that Heated plots 
received supplemental irrigations that provided 10% more soil-water than Reference plots to provide a first-order correction for 
any increase air-to-plant vapor pressure [Kimball, 2005]), and N application dates (filled diamond) and amounts (e.g., note that 
the first N application date actually designates date of initial irrigation to germinate seeds [see Supplemental Table 1; Wall et al., 
2011]) for Heated and Reference plots. (g, h) Timeline of planting scheme for HSC experiment denoting 9th and 14th plantings of 
the wheat crop grown in a cooler-to-warmer (designated with [w] in red as a warming trend) thermal regime. The physiological 
maturity date of the wheat crop is denoted (filled circle), whereas the harvest date is denoted by the end of the red line. Calendar 
month and year are given as an additional x axis, which is synchronized with day of experiment (DOE).
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2009 (DOE 649–721) during the 14th planting (Fig. 1h). 
Volumetric soil-water content was monitored at 0- to 0.1-m 
soil depth automatically using soil moisture ring capacitance 
probes (EnviroSMART, Sentek Sensor Technologies, Stepney, 
Australia) in each plot. On 13 and 30 Jan. 2009 and 18 Feb. 
2009 (DOE 673, 690, and 709, respectively) qs was determined 
gravimetrically (kg kg–1) for the 0- to 0.1-m soil depth. A soil 
bulk density of 1.38 mg mm–3 was used to convert gravimetric 
values (kg kg–1) to volumetric qs (m

3 m–3). Meteorological 
data were obtained from the MAC field site weather station 
(AZMET; http://ag.arizona.edu/AZMET/06.htm) located 
approximately 1 km from the experiment.

Soil Carbon Dioxide Efflux Measurements

Midday (solar noon) Fs was measured manually over 
Heated and Reference plots across three replicates (six plots) 
using a survey chamber (LI-8100-103) attached to a portable 
automated soil CO2 flux system (LI-8100A) to characterize 
spatial variance (24 Mar. 2008 through 28 Apr. 2008 [DOE 
380, 394, 411] during the 9th planting; 17 Dec. 2008 through 
2 Mar. 2009 [DOE 649, 660, 664, 673, 674, 690, 698, 709, 
715, 721] during the 14th planting; Fig. 1g, 1h). In addition, 
an unattended long-term chamber with a self-actuating 
armature (LI-8100-104), attached to a portable automated 
soil CO2 flux system (LI-8100A), measured diel Fs every 15 
min (96 measurements per 24 h period) for 10 wk (18 Dec. 
2008 through 28 Feb. 2009 [DOE 649, 664, 674, 698, 715]) 
to characterize the temporal variance. A week of diel Fs 
measurements in a Heated plot was followed by a week of diel 
Fs measurements in a Reference plot. Three consecutive days 
within each week with the most similar meteorological (solar 
radiation [SR], Ta, wind speed at 2-m height [ua]) and soil 
conditions (Ts, qs) between the first and second week of each 
2-wk measurement interval were used to compare Fs between 
Heated and Reference plots. Hence, the 3 most similar 
consecutive days in a week were used as replicates. A total of 
five 2-wk (i.e., first week Heated plot, second week Reference 
plot) comparisons of diel Fs over a 10-wk period were made. 
Both survey and unattended chambers were deployed on a 
poly-vinyl-chloride (PVC) collar (0.05-m height protruded 

above soil surface, 0.2-m inside diameter) that provided for 
a large enough soil area (0.0314 m2) to characterize spatial 
variability in measurements of Fs between Heated and 
Reference plots. A PVC collar was pressed into the soil to a 
depth of about 0.03 m at the center of the Fs measurement 
activity area (Ottman et al., 2012). Adequate cultivation and 
seedbed preparation provided a bare soil that was devoid of any 
aboveground vegetation or belowground living root system – 
devoid of any autotrophic respiration – in the intrarow space 
where PVC collars were installed. To minimize perturbation 
effects on Fs, PVC collars were placed in each plot at least 3 d 
before measurements and remained in the plots until the end of 
the experiment. Upon sealing the PVC collar, Fs was measured 
by monitoring the change in CO2 concentration with an IR gas 
analyzer (transient technique).

Statistical Analysis

To test the main fixed TRT effect for Ts and qs for 
Hypothesis 1 (whether the Heated treatment affected Ts and 
qs; Heated vs. Reference) across 13 midday sampling dates 
(DOE 380–721), a RCB (2 by 3) embedded within the 3 by 3 
Latin square experimental design was used for the mixed model 
ANOVA (Littell et al., 1996) using the SAS Mixed Procedure 
(version 9.2, SAS Institute, Cary, NC) (SAS Institute, 2009). A 
first-order, autoregressive, moving average covariance structure 
was used for the fixed effect time variate (RTV) to account for 
correlations among repeated measures and any irregular sample 
intervals. The TRT ´ RTV tested the interaction effect. 
Replication (REP) was treated as a random effect.

To test the main fixed TRT effect for Hypothesis 2 (whether 
the Heated treatment affected Fs; Heated vs. Reference) at 
midday differently under high and low levels of qs, a RCB 
experimental design was used for the mixed model ANOVAs 
for each DOE. The REP was a random effect.

To further test the main fixed TRT effect for Fs for Hypoth-
esis 2 hourly throughout a diel period, a RCB experimental 
design was analyzed for the mixed model ANOVAs. Each 
hourly time of day (TOD) over the diel period was treated 
as a fixed effect time variate – repeated measure similar to 
the analysis described above for the RTV effect on TRT and 

Table 1. Analysis of variance for treatment (TRT: Reference; Heated), time of day (TOD), and TRT ´ TOD interaction effects, 
and independent continueous covariates of meteorological (solar radiation [SR]; air temperature [Ta]; wind speed [ua]) and soil 
(temperature [Ts]; volumetric soil-water content [qs]) effects on soil CO2 efflux (Fs) during five 2-wk intervals centered on day of 
experiment given.

Source df1

649 664† 674† 698 715
df2 P > F‡ df2 P > F df2 P > F df2 P > F df2 P > F

TRT 1 2.21 0.1650 5.74 0.0349 2.47 0.0698 21.9 <0.0001 5.59 0.0037
TOD 23 35.3 0.1935 11.15 <0.0001 60.6 <0.0001 71.5 0.6092 89.4 <0.0001

TRT ´ TOD 23 35.3 0.3854 1.71 0.0474 60.1 0.0253 71.0 0.5532 89.4 0.3760
Ts 1 ns§ ns ns ns ns ns ns ns 77.4 0.0620

qs 1 ns ns ns ns 6.18 0.0057 ns ns ns ns
SR 1 ns ns ns ns ns ns ns ns 90.11 0.0126
Ta 1 ns ns 4.43 0.0512 64 <0.0001 31.4 0.0091 ns ns
ua 1 ns ns ns ns 44.1 0.0012 55.9 0.0289 ns ns

† Log10 transformation of Fs.
‡ �F is the F-statistic; df1 is the first degrees of freedom for the F-statistic; df2 is the second degrees of freedom for the F-statistic; and, P is the probability of a greater 

F-statistic by chance.
§ Stepwise deletion of nonsignificant (ns) meteorological (SR, Ta, ua) and soil (Ts, qs) covariates.
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TRT × RTV effect conducted at midday. The 3 most similar 
consecutive days in a week in regards to meteorological (SR, 
Ta, ua) and soil (Ts, qs) condition over the 2-wk sample interval 
were treated as a REP random effect. Five continuous indepen-
dent variables that depict the influence of natural variation in 
meteorological (SR, Ta, ua) and soil (Ts, qs) conditions on Fs 
were treated as covariates. A stepwise reduction in nondetect-
able covariates was conducted to minimize their effect on any 
tests of detectable TRT, TOD, and TRT × TOD effects on Fs 
for Hypothesis 2.

To avoid pseudo-replication, all ANOVAs were performed 
on replication means. Statistical significance was reported in 
the text as follows: (Fdf1, df2; P); where, F is the F-statistic; 
df1 is the first degrees of freedom for the F-statistic; df2 is 
the second degrees of freedom for the F-statistic; and, P is 
the probability of a greater F-statistic by chance. Tests for 
homogeneity of variance and subsequent data transformation 
were performed using residuals diagnostic plots as appropriate 
(Box et al., 1978). Statistical differences and least-square mean 
comparisons were performed for each DOE and TRT effect. 
Mean separation was performed with pairwise t test, equivalent 
to Fisher’s least significant difference test.

RESULTS
Meteorological Conditions of Study Region

The 20-yr mean daily SR, maximum (Ts,max) and minimum 
(Ts,min) Ts at the 0.1-m soil depth and average daily ua (ua,avg) at 
2-m height (Fig. 1a, 1b), and maximum (Ta,max) and minimum 
(Ta,min) Ta and average daily vapor pressure deficit (ea,VPD) (Fig. 
1c, 1d) for the 9th and 14th plantings, respectively, are illustrated 
in Fig. 1 (Wall et al., 2011). During the measurement interval for 
Fs, SR averaged 28.1 and 14.0 MJ m–2 d–1 ranging from 18.7 to 
31.5 MJ m–2 d–1 and from 3.8 to 21.5 MJ m–2 d–1 during the 9th 
and 14th plantings, respectively. Wind speed averaged 2.3 and 
1.7 m s–1 with a maximum of 12.1 and 15.0 m s–1 for the 9th and 
14th plantings, respectively. The 14th planting occurred during a 
normal cropping period for spring wheat in Arizona (December–
May; Fig. 1h), whereas the 9th planting (March–July; Fig. 1g) was 
3 mo later than normal. Consequently, Ta and SR were greater 
during the 9th compared with the 14th planting. Nevertheless, 
during the sample interval when Fs was measured, Ta increased 
(i.e., cooler-to-warmer trend) during both the 9th (Fig. 1a) and 
14th (Fig. 1b) plantings. During the sample interval when Fs 
was measured on the ninth planting, the average Ts at the 0.1-m 
soil depth was 19.5°C and ranged from Ts,max (31.3°C) to Ts, min 
(17.0°C). During the 14th planting when Fs was measured, the 
average Ts at the 0.1-m soil depth was 13.4°C and ranged from 
Ts,max (19.5°C) to Ts,min (11.5°C). Therefore, over the sample 
interval when Fs was measured the average Ts was 6.1°C warmer, 
and Ts,max was warmer by 11.8°C and Ts,min was warmer by 5.5°C 
during the 9th compared with the 14th planting, respectively. 
Despite these differences, the range in Ts over the sample interval 
when Fs was measured was characteristic of soil conditions that 
commonly occur from emergence (bare soil) through inflorescence 
emergence (canopy closure) in a spring wheat crop grown in a 
semiarid desert region of the Southwest.

After the initial irrigation to germinate the wheat seed 
on DOE 364, several irrigation events occurred, but no 

precipitation fell during the sample interval when Fs was 
measured for the ninth planting (Fig. 1e). In contrast, after 
the initial irrigation to germinate the wheat seed on DOE 
630, several irrigation events occurred and as many as six 
precipitation events totaling about 5 mm occurred during the 
sample interval when Fs  was measured for the14th planting 
(Fig. 1f). Warmer temperatures and lower precipitation (Fig. 
1) could explain why qs was lower by 0.09 (m3 m–3) through-
out the 9th (0.24 ± 0.06 m3 m–3) compared with the 14th 
(0.33 ± 0.01 m3 m–3) planting.

Over 10 consecutive weeks (five 2-wk sample intervals 
comparing Heated vs. Reference plots) during the 14th planting 
meteorological conditions of SR, Ta, and ua (Fig. 2a), and soil 
conditions of qs and Ts (Fig. 2b) for the most dissimilar (Fig. 2a, 
2b) and similar (Fig. 2c, 2d) 3 consecutive days within a week 
in the Reference plot are illustrated in Fig. 2. On similar days, 
good agreement was observed among the 3 consecutive days for 
meteorological conditions of SR and Ta, but greater variation 
between the most similar 3 consecutive days was observed for 
ua (Fig. 2c). Although greater variation was observed for SR and 
Ta on the 3 most consecutive dissimilar days, ua was as much as 
twofold greater on the most dissimilar compared to the most 
similar 3 consecutive days (Fig. 2a). In contrast, soil conditions of 
Ts and qs, which have the greatest influence on Fs, were similar 
for even the most dissimilar 3 consecutive days in the Reference 
plot (Fig. 2b, 2d). Consequently, even on the most dissimilar 
3 consecutive days, meteorological and especially soil conditions 
were similar enough to treat days as blocks (replication) in a RCB 
experimental design.

Infrared Warming

Infrared warming increased the average wheat canopy 
temperature by 1.3°C during daytime and 2.7°C at nighttime – 
about 0.2 and 0.3°C below the respective targeted set-points 
(Wall et al., 2011). Greater deviation from the targeted set-
points occurred at midafternoon, because that was when 
highest wind speeds, atmospheric turbulence, and especially 
evapotranspiration rates of our well-watered crops occurred.

Microclimate Effects on Midday Soil Temperature 
and Volumetric Soil-Water Content

Across 10 sampling dates between DOE 649 to 721 
(December–March 2008; 14th planting; Fig. 1h), midday (solar 
noon) Ts in the upper 0.1-m soil depth ranged between 7.8 to 
14.6°C in Heated plots and between 6.9 to 13.8°C in Reference 
plots (Fig. 3a). An ANOVA revealed that mean Ts was greater 
by 1.6°C in Heated (11.6±0.1°C) compared with Reference 
(10.0±0.1°C) plots (TRT effect; F1,13.9 = 113; P < 0.0001). 
Repeated measure RTV (F9, 28.1 = 5.2; P = 0.0004) and 
TRT ´ RTV interaction (F9, 28 = 7.9; P < 0.0001) effects were 
also detected, because greater difference in Ts between Heated 
and Reference plots occurred at low qs compared to smaller 
differences at high qs after an irrigation or precipitation event 
rehydrated the soil. An ANOVA by individual sampling date 
(DOE) revealed that over the majority of the sampling dates, Ts 
was greater in Heated compared with Reference plots (Fig. 3a).

Across three sampling dates, DOE 380, 394, and 411 
(March–April 2008; ninth planting; Fig. 1g), representative 
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of a warmer than normal temperature regime for a wheat 
cropping season for the location (March–July), and over 
the same sampling dates for Ts given above, midday qs in 
the upper 0- to 0.1-m of the soil ranged between 0.17 to 
0.36 (m3 m–3) in Heated and between 0.24 to 0.36 (m3 m–3) 
in Reference plots (Fig. 3b, 3c). An ANOVA revealed that qs 
was lower by 0.03 (m3 m–3) in Heated (0.29 ± 0.02 m3 m–3) 
compared with Reference plots (0.32 ± 0.01 m3 m–3) (TRT 
effect; F1, 3.6 = 23.1; P = 0.0111). Repeated measure RTV 
(F9, 18.8 = 17.4; P < 0.0001) and TRT ´ RTV interaction 
(F9, 18.8 = 5.6; P = 0.0009) effects were also detected for qs, 
corresponding to consistently lower qs in Heated compared 
with Reference plots as the wheat crop grew. An ANOVA by 
individual sampling date indicated that initially qs was similar 
between Heated and Reference plots, but that as the wheat 

crop grew qs decreased in Heated compared with Reference 
plots (Fig. 3b, 3c). This trend was consistent for both the 9th 
and 14th plantings (Fig. 3b, 3c). Because higher Ts and lower 
qs were observed in Heated compared with Reference plots, IR 
warming affected the microclimate (accept Hypothesis 1).

Midday Trends in Soil Carbon Dioxide Efflux

Across 13 sampling dates, midday trends in Fs varied 
systematically (Fig. 3). Overall midday Fs was lower for 
Heated [3.1 ± 0.16 µmol (CO2) m–2 s–1] compared with 
Reference [3.3 ± 0.16 µmol (CO2) m–2 s–1] plots (TRT effect; 
F1, 2.0 = 9.5; P = 0.0896) (Fig. 3b, 3c). Nevertheless, repeated 
measure RTV (F12, 30.4 = 8.3; P < 0.0001) and TRT ´ RTV 
interaction (F12, 30.4 = 3.5; P = 0.0025) effects were detected. 
They occurred because as the soil dried from high to low qs a 

Fig. 2. (a, c) Diel trends in meteorological conditions of incident solar radiation (SR), air temperature (Ta), and wind speed (ua) at 
2-m height, and (b, d) diel soil temperature (Ts) and volumetric soil-water content (qs) at 0.1-m depth during 3 consecutive days 
that had the (a, b) least and (c, d) most similar meteorological and soil conditions for the Reference plot during the 10-wk sample 
interval (day of experiment [DOE 649 through 715]) when diel soil CO2 efflux (Fs) measurements were measured.
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treatment inversion occurred for midday Fs between Heated 
and Reference plots. Following an irrigation or precipitation 
event that rehydrated the soil surface midday Fs was greater for 
Heated compared with Reference plots (DOE 380, 394, 649; 
Fig. 3b, 3c), but as the soil dried to intermediated levels of qs no 
detectable difference in midday Fs was noted between Heated 
and Reference plots (DOE 664, 673, 674; Fig. 3c), whereas 
as the soil dried even further at low qs midday Fs was notable 
lower for Heated compared with Reference plots (DOE 411, 
690, 698, 709, 715, 721; Fig. 3b, 3c) (accept Hypothesis 2).

Diel Trends in Soil Carbon Dioxide Efflux

Across five 2-wk (10 wk) sample intervals (Fig. 4) diel trends 
in Fs exhibited a similar systematic treatment inversion with 
respect to Ts and qs as observed at midday (Fig. 3). Under 
wet soil conditions at high qs diel trends in Fs were greater 
in Heated than Reference plots (DOE 649), but as the soil 
dried to intermediate levels of qs diel trends in Fs were similar 
between Heated and Reference plots (DOE 664, 674), and 
as the soil dried even further and qs decreased in Heated 
compared with Reference plots diel trends in Fs were lower in 
Heated compared with Reference plots (DOE 698, 715). An 
almost twofold increase in diel Fs was observed between the 

first and fifth 2-wk sample interval centered on DOE 649 and 
715, respectively (Fig. 4f, 4j).

On DOE 649 (~50% seedling emergence) TOD or TRT ´ 
TOD effects were not detected (Table 1), because diel Fs exhibited 
no distinctive nocturnal or diurnal trend (Fig. 4f). The soil was 
wet with high qs, the intrarow space consisted of bare soil (i.e., 
heterotrophic respiration), and ua was high and highly variable 
(Fig. 4a, 4f). Although diel Fs was greater in Heated compared 
with Reference plots (Fig. 4f), no TRT effect was detected (Table 
1). The stepwise reduction in the mixed ANOVA excluded all 
meteorological (SR, Ta, ua) and soil (Ts, qs) covariates (Table 1).

On DOE 664 (seedling development) TOD and TRT ´ 
TOD effects were detected (Table 1), because diel Fs exhibited 
a distinctive nocturnal and diurnal trend (Fig. 4g). The soil 
was wet with high qs, the intrarow space consisted of mostly 
bare soil (i.e., heterotrophic respiration), but ua was low and 
uniform (Fig. 4b, 4g). The stepwise reduction in the mixed 
ANOVA detected that the Ta covariate explained most of the 
variation in diel Fs (Table 1). Diel trends in Fs followed the 
thermal-induced effects of SR on Ta during the diurnal period, 
only to return to a lower baseline during the nocturnal period. 
A TRT effect was detected (Table 1), because diel Fswas lower 

Fig. 3. (a) Midday soil temperature (Ts) for 10 survey sampling dates during the 14th planting of Hot Serial Cereal (HSC) 
experiment, (b, c) Midday maximum soil CO2 efflux (Fs), and volumetric soil-water content (qs) for three sampling dates during 
the (b) 9th planting, and 10 sampling dates during the (c) 14th planting of the HSC experiment. Significant effects given as *, **, ***, 
and ns for P £ 0.05, P £ 0.01, P £ 0.001, and not significant, respectively (ne for effect not estimated). Significance also denoted 
with † and ‡ for P > 0.05 and P £ 0.1 and P > 0.1 and P £ 0.3, respectively. Each mean datum was derived from three repeated 
measures across three replications (i.e., n = 9). Vertical bars are one standard error of replication mean (i.e., n = 3). The above 
illustration was derived from more than 234 measurements.
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in Heated than Reference plots, particularly from dawn until 
solar noon (Fig. 4g).

On DOE 674 (tillering), TOD and TRT ´ TOD effects 
were detected (Table 1), because diel Fs exhibited a distinctive 
nocturnal and diurnal trend (Fig. 4h). The stepwise reduction 
in the mixed ANOVA detected that the qs, Ta, and ua covariates 
explained most of the variation in diel Fs (Table 1). The soil was 
drier with slightly lower qs in Heated compared with Reference 
plots, diel trends in Fs followed the thermal-induced effects of 
SR on Ta during the diurnal period only to return to a lower 
baseline during the nocturnal period, root growth had occurred 
in the intrarow space (i.e., autotrophic and heterotrophic 
respiration), and similar to DOE 664 ua was low and uniform 
(Fig. 4c, h). A TRT effect was detected because diel Fs was 
lower in Heated compared with Reference plots (Table 1).

Similar to DOE 649, on DOE 698 (stem-elongation) TOD 
and TRT ´ TOD effects were not detected (Table 1), because 
diel Fs exhibited only a nominal discernable nocturnal or 
diurnal trend (Fig. 4i). The soil was drier with reduced qs in 
Heated compared with Reference plots, the root system was 

fully developed throughout the intrarow space (i.e., autotrophic 
and heterotrophic respiration), and ua was high and highly 
variable (Fig. 4d, 4i). A TRT effect was detected (Table 1), 
because diel Fswas lower in Heated compared with Reference 
plots. The Ta and ua covariates explained most of the variation 
in diel Fs (Table 1).

Similar to DOY 664 and 674, on DOE 715 (inflorescence 
emergence) TRT and TOD effects were detected (Table 1), 
because diel Fs exhibited a distinctive nocturnal and diurnal 
trend (Fig. 4j). No TRT ´ TOD interaction effect was 
detected (Table 1). The soil had become even drier with a 
greater reduction in qs in Heated compared with Reference 
plots, the root system was fully developed throughout 
the intrarow space (i.e., autotrophic and heterotrophic 
respiration), and ua was low and uniform (Fig. 4e, 4j). The 
Ts and SR covariates explained most of the variation in diel 
Fs. This probably occurred because of greater differences 
in meteorological (SR, Ta, ua) (Fig. 4e) conditions between 
the first and second week of the fifth 2-wk interval centered 
on DOE 715 (Table 1), and could explain why Heated had 

Fig. 4. (a through e) Diel trends in meteorological conditions of incident solar radiation (SR), air temperature (Ta), and wind 
speed (ua) at 2-m height, and (f through j) diel soil temperature (Ts) and volumetric soil-water content (qs) at 0.1-m depth during 
five 2-wk intervals centered on day of experiment (DOE) ([a, f] 649, [b, g] 664, [c, h] 674, [d, i] 698, and [e, j] 715) over a 10-wk 
period when diel soil CO2 efflux (Fs) was measured for Heated and Reference plots (i.e., first week of each 2-wk interval Fs 
measured on Heated plot, second week of each 2-wk interval Fs measured on Reference plot). Hourly mean datum was derived 
from measurement made at a sample frequency of 15 min (i.e., n = 4, repeated measure each hour) across the 3 most similar 
consecutive days (replication), in regards to meteorological and soil conditions, during each week of a 2-wk sample interval 
(i.e., n = 12). Vertical bars are one standard error of replication mean (i.e., n = 3). The above illustration was derived from 
approximately 576 measurements.
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lower Ts than Reference plots (Fig. 4j). Nevertheless, the 
overriding influence of soil drying that reduced qs in the 
Heated compared with Reference plots resulted in a detectable 
TRT effect (Table 1), because diel Fs was lower in the Heated 
compared with Reference plots (Fig. 4j).

DISCUSSION
Soil organic matter in the agricultural soil was low (~1.2%) 

and probably consisted mostly of a labile carbon pool of fibrous 
roots from a previous wheat crop and a more recalcitrant 
carbon pool. Under bare soil conditions diel Fs exhibited 
a baseline response due predominately to heterotrophic 
respiration, because of the absence of any actively growing 
wheat root system in the intrarow soil space. But by canopy 
closure the wheat crop’s root system was fully developed 
(Wechsung et al., 1995, 1999). As it grew into the intrarow 
space root/rhizosphere autotrophic respiration contributed to 
heterotrophic respiration, because an almost twofold increase 
in Fs occurred from bare soil conditions at germination until 
canopy closure at inflorescence emergence (Fig. 4f through 4j). 
Diel Fs varied systematically and was dependent mostly on soil 
thermal and moisture regimes consistent with prior reports 
(Moyano et al., 2012; Suseela et al., 2012).

Infrared warming affected the soil thermal regime. It 
increased the average wheat canopy temperature by 1.3 and 
2.7°C during diurnal and nocturnal periods, respectfully – 
about 0.2 and 0.3°C below the respective targeted set-points 
(Wall et al., 2011). Nijs et al. (1996) reported that IR warming 
maintained a natural temperature gradient of up to 2.5°C 
offset that of fluctuating ambient air for both the 0.10 and 
0.22 m height canopies of Lolium perenne L. (‘Bastion’), which 
suggests that IR-warming-based heat transfer was consistent 
throughout the microclimate. For mixtures of C3 and C4 
tallgrass prairie grasses Wan et al. (2002) reported that IR 
warming was relatively uniform over the experimental plots 
and similar at different soil depths. Heat transfer also appeared 
to be uniform throughout the microclimate in our wheat study, 
because soil temperatures were consistently warmer in Heated 
compared with Reference plots. Hence, the IR-warming-based 
heat transfer capacity of the T-FACE apparatus was an effective 
methodology to systematically augment the soil’s natural 
thermal regime under bare soil conditions and as the wheat 
crop grew. Under ample soil moisture, an exponential increase 
in Fs has been observed with an increase in soil temperatures 
up to about 40°C in a variety of ecosystems (Lloyd and Taylor, 
1994; Janssens and Pilegaard, 2003; Fang and Moncrieff, 
2001; Zhou et al., 2009). But in our study on well-watered 
wheat grown in an agricultural soil, only a modest increase in 
Fs was observed in response to IR warming. Soil CO2 flux is 
known to be less sensitive (lower Q10) to temperature variation 
in arid and semiarid xeric ecosystems with inherently low soil 
organic matter content (Conant et al., 2000; West and Post, 
2002; Zhang et al., 2009; Yuste et al., 2010). The low soil 
organic matter in the agricultural soil of our study may possibly 
have limited the magnitude of any thermal response in Fs 
compared to that observed elsewhere. Our sample interval was 
also limited, because it occurred over a 10-wk interval from 
germination (bare soil) until inflorescence emergence (canopy 

closure) when soil temperatures are normally on the low end 
of their thermal range for the semiarid desert study region 
(Fig. 1). For mixtures of C3 and C4 tallgrass prairie grasses, 
Luo et al. (2001) attributed a decrease in the response of Fs 
to IR warming over time to thermal acclimation, noting that 
the acclimatization was greater at higher soil temperatures. 
But, substrate limitations and depletion of labile and even 
recalcitrant carbon pools over time can also explain an 
observed decrease in Fs rather than thermal acclimation of 
the soil to warmer temperatures (Ågren and Bosatta, 2002; 
Kirschbaum, 2004; Hartley et al., 2007b; Allison et al., 2010). 
Soil drying has also been observed to reduce any thermal-based 
increase in Fs in semiarid tallgrass prairie ecosystems (Norman 
et al., 1992; Conant et al., 2004; Harper et al., 2005).

Infrared warming affected the soil moisture regime. A well-
watered soil moisture regime was maintained at constant relative 
humidity between Heated and Reference plots such as might be 
expected to occur with global warming (i.e., weekly replacement 
of evapotranspired water from the Reference plots, whereas the 
Heated plots received a supplemental irrigation of 10% more than 
the Reference plots [Kimball, 2005; Wall et al., 2011]). Even with 
supplemental irrigations, however, over time as the soil dried a 
systematic decrease in qs was observed in Heated compared with 
Reference plots. Thus, our experimental strategy of providing a 
supplemental irrigation of 6.3% per degree of warming for Heated 
compared with Reference plots achieved a modest decrease in 
soil moisture through the growing seasons as desired to simulate 
future global warming (Kimball, 2005). Volumetric soil-water 
content directly affects root and microbial activity and indirectly 
affects soil physical and chemical properties (Schimel and Clein, 
1996; Raich and Schlesinger, 1992). A quadratic response has 
often been used to characterize the relationship between qs and 
Fs (Mielnick and Dugas, 2000). Soil CO2 efflux is known to 
reach a maximum around the 50% water holding capacity of the 
soil, and going toward either the low (dry) or high (wet) ends of 
the range in qs, Fs decreases due to lower soil root and microbial 
respiration. Moisture limitations can induce reductions in plant 
root respiration and microbial activity, both of which contribute to 
bulk Fs (Zhang et al., 2005). Soil drying can shift bacteria/fungal 
ratio in favor of fungi (Paul and Clark 1996; Jensen et al., 2003), 
thereby affecting Fs as reported in a companion IR warming study 
(McLain et al., 2009). Soil CO2 efflux is known to decrease as 
the soil dries toward the dry end of qs range, because dehydration 
affects the diffusion of soluble substrates at low qs. But as the soil 
dries from saturation at the wet end, the soil pore size distribution 
is altered, an effect that can be uneven with depth and could cause 
a pulse response in Fs (Fierer and Schimel, 2003). Such a pulse 
response in Fs also commonly occurs following precipitation 
events that rehydrate the soil (Liu et al., 2002; Fierer and Schimel, 
2003; Huxman et al., 2004; Sponseller, 2007; Chen et al., 2008; 
Shim et al., 2009). This occurs because precipitation pulses that 
vary in frequency and intensity trigger biological activity. Hence, 
antecedent moisture is known to affect ecosystem carbon fluxes 
in semiarid desert regions (Huxman et al., 2004; Xu et al., 2004; 
Chen et al., 2008; Shim et al., 2009). Pulse responses in Fs 
could have occurred in our wheat study following irrigation or 
precipitation events that depleted the soil carbon pool. A decrease 
in Fs occurs as the soil saturates with water (high qs) and low 



616	 Agronomy Journa l   •   Volume 105, Issue 3  •   2013

soil air-filled porosity slows the diffusion of oxygen and carbon 
dioxide. Our wheat crop was well-watered, but the soil generally 
was not saturated. Anaerobic microsites could have been reduced 
by IR warming at high qs with no detectable effect on Fs, but a 
distinctive reduction in Fs occurred at low qs as the soil dried.

Clearly, both Ts and qs, and their interactive effects were 
primary factors affecting Fs of an agricultural soil in our 
wheat study. The response of Fs to Ts was dependent on qs 
because it increased with Ts, but only under higher levels 
of qs. But, a greater reduction in Fs in response to lower qs 
compared to increase in Fs in response to increase in Ts was 
observed. Furthermore, it was often difficult to determine 
the difference between the effect of Ts and qs on Fs. Soil CO2 
efflux was responsive to the most limiting factor – either Ts 
or qs. It was relatively insensitive to higher Ts under lower qs 
(Fig. 3 and 4), whereas it was more responsive to higher Ts at 
higher qs (Fig. 3 and 4). Similarly, Fs was not as sensitive to 
qs at lower Ts, but it was more responsive to qs at higher Ts 
(Fig. 3 and 4). Warmer canopy temperatures caused greater 
evapotranspiration rates in Heated compared with Reference 
plots (Wall et al., 2011). This increased consumptive water use 
enough between irrigation (including supplemental irrigation 
for Heated plots) or precipitation events to dry the surface soil 
layer to a greater degree in Heated compared with Reference 
plots. Following an irrigation event, therefore, Fs may have 
been more responsive to Ts, because it was greater in Heated 
compared with Reference plots – pulse response following 
a precipitation or irrigation event. In the days following an 
irrigation or precipitation event, however, the uppermost soil 
layer dried more quickly in Heated compared with Reference 
plots resulting in a decrease in Fs. Furthermore, this treatment 
inversion in Fs in response to IR-warming-induced drying of 
the soil surface was consistent for both midday and diel Fs 
measurements, and during both warmer and cooler cropping 
seasons – 9th and 14th plantings (Fig. 3b, 3c), respectively.

Globally the contributions of root-associated processes to 
Fs are estimated to be between 20 and 90% (Boone et al., 
1998; Schlesinger and Andrews, 2000) and are about 40% 
for tallgrass prairie ecosystem (Kucera and Kirkham, 1971). 
Notwithstanding, a high degree of variance has been observed 
for Fs in native grassland ecosystems on annual, seasonal, and 
diel scales ranging from reductions, to significant increases, 
to no response (Liu et al., 2002; Zhou et al., 2007; Xu et 
al., 2012). Results reported herein are consistent with those 
reported elsewhere on old-field grassland and tallgrass prairie 
(Mielnick and Dugas, 2000; Luo et al., 2001; Franzluebbers 
et al., 2002; Liu et al., 2002; Hartley et al., 2007b; Wan et 
al., 2007; Shim et al., 2009), cereal grain crops (Buyanovsky 
et al., 1986; Hartley et al., 2007a; Moyano et al., 2007; Qi et 
al., 2007), and in other IR warming experiments on an alpine 
meadow ecotone (Saleska et al., 1999) and semiarid grassland 
(Luo et al., 2001; Xu et al., 2012). Moyano et al. (2007) 
suggested that factors controlling Fs in a barley (Hordeum 
vulgare L.) agricultural cropping system were comparable to 
those observed in a native grassland ecosystem, which suggests 
that results reported herein on wheat grown in a semiarid 
desert region are applicable to other mesic and xeric ecosystems. 
The high variability in the response of Fs to Ts and qs suggest 
that a more complex mechanism is required to determine their 

interactive effects. Hence, to elucidate accurate predictions of 
Fs in response to global warming the interactive effect of Ts 
and qs need to be coupled (Mielnick and Dugas, 2000).

CONCLUSIONS
Infrared warming with T-FACE is an effective methodology 

to investigate the impact of global warming on Fs in an 
agricultural soil. Noteworthy conclusions from our study 
include the following: (i) IR warming increased Ts and 
decreased qs; (ii) IR warming initially increased Fs following 
soil hydration, but as the soil surface dried, Fs decreased even 
under warmer Ts. The observed changes in Fs in response to qs 
and Ts reported herein are consistent in both magnitude and 
direction as those in prior literature reports. In short, those 
regions of the Earth that contain high soil carbon substrate 
that become wetter in the future will likely exhibit an increase 
in Fs, but with greater drying predicted for many semiarid 
desert regions that contain low soil carbon substrate Fs is likely 
to decrease even as the Earth becomes warmer.
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